Numerous factors affect the ability or choice of fi shes to breed. For example, studies demonstrate that the appropriate amount of light, temperature, and food must be present before many species will breed. For some species, we are also aware of social factors that affect breeding, such as the size or colour of one's potential mates. Although studies on mate choice (i.e., choice of one potential mate over another) and factors affecting breeding are extensive, there remain signifi cant gaps in our knowledge with regard to scientifi cally important species. For instance, the fathead minnow (Pimephales promelas), used by numerous researchers as a test subject in reproductive toxicology and behavioural ecology, has well established physical parameters known to facilitate breeding. Conversely, there is very little data describing social factors which may infl uence breeding. The purpose of the current study was to examine some of the factors affecting mate choice in the fathead minnow. Results indicate a consistent relationship between male and female size (length and mass), which can be used to predict the probability of a couple's breeding potential. Specifi cally, we found that female minnows prefer larger males. In successful pairs there was a greater difference in size between the male and female as compared with unsuccessful pairs. The fi ndings of this study could substantially improve methods for reproductive studies in laboratories or artifi cial streams by decreasing both the number of pairs tested against baseline performance criteria and the time needed to establish actively breeding individuals. This will decrease the cost and increase the effi ciency of future studies, as well as add ecologically interesting knowledge to the literature regarding a scientifi cally important, ubiquitous, and representative North American fi sh species.
Introduction
Factors that affect the choice or ability of fi shes to breed compose a well studied area of behavioural ecology (Godin and Briggs 1996; Herdman et al. 2004) . Some of these factors are physical; for example, many species require a specifi c light/dark schedule or certain temperature to stimulate breeding (Bhattacharya 1992) , while others need the appropriate amount or quality of food (Ankley et al. 2001) . Other factors affecting breeding in fi shes can be attributed to mate choice by one or both of the partners. For instance, male guppies prefer females of a larger size (Herdman et al. 2004) , while females display varying preferences for specifi c male colouration patterns, dependent on the environment (Godin and Briggs 1996) . Although the breadth of knowledge regarding factors affecting the ability or choice of fi sh to breed is extensive, there are still major gaps in our knowledge. For example, the fathead minnow (Pimephales promelas) is a species of fi sh used in numerous behavioural and toxicological studies examining reproduction (Ankley and Villeneuve 2006) , yet little is known on minnow mating choice. While the physical parameters of the reproductive needs of the fathead minnow are well known (Ankely et al. 2001) , there have been no published studies on mate choice or preference for either gender. Given the importance of the fathead minnow in toxicology, not to mention behavioural ecology in general, this is an area of immediate need.
For many fi sh species, females choose whether or not breeding occurs (Orians 1969) . This most likely stems from the difference in energetic cost between male and female gamete production (i.e., eggs are more expensive to produce, Dewsbury 1982) . In many experimental setups, however, randomly allotted breeding pairs are isolated in individual tanks where only one sexual partner is available. Even when both individuals are often in an advanced reproductive state, breeding may not occur. Given this fact, and given that reassortment of nonbreeding individuals into new pairs often results in breeding events, this failure to spawn may be the result of mate selectivity. Because males are generally more indiscriminant than females in the provision of gametes (Orians 1969) , it is likely that female fathead minnows withhold their eggs when confronted with a male they judge to be of inferior quality, even in the absence of alternative partners.
One factor which may affect female mate choice in fathead minnows is male body size. A preference for larger male body size has been documented in female fi shes over a variety of species (Bisazza et al. 1989; Ptacek and Travis 1997; Kraak et al. 1999; Basolo 2004; Clotfelter et al. 2006) . Large males may be more desirable due to their ability to defend resources important for breeding (Breitburg 1987; DeMartini 1988) , superior paternal care (Bisazza et al. 1989) , greater fertility (Skinner and Watt 2007) , or the ability to protect females from harassment by other suitors (Basolo 2004) . Size-related mating preferences have not been previously investigated in the fathead minnow, and due to its common use in experiments, such knowledge is important. Factors which determine mate choice and breeding effi ciency in this species are certainly of interest for fi sheries ecology and also have importance for experimental design.
The purpose of the current study was to examine size-related mating preference in minnows. A common protocol used in toxicology (Ankley et al. 2001; Rickwood et al. 2006a Rickwood et al. , 2006b Rickwood et al. , 2006c Rickwood et al. 2008 ) calls for a pre-exposure phase followed by an exposure phase. The purpose of the preexposure phase is to determine baseline reproductive performance in pairs (or groups) and to select which pairs (or groups) meet performance criteria for toxicology testing in the exposure phase of the experiment. This means the researcher must start with many more pairs than are actually needed to ensure the required numbers of breeding couples that meet criteria are obtained. The ambition of the current study is to decrease the number of pairs that do not breed, thus decreasing the overall number of pairs needed, as well as the time necessary to obtain successful breeders. Specifi cally, we hypothesize that the size (length and mass) of male minnows plays a signifi cant role in whether or not breeding occurs. We further predict that females prefer larger males (as seen in other species) and that the preference will be proportional to a female's own size.
Materials and Methods
Four separate experiments were conducted from 2006 to 2007, each with their own unique experimental hypotheses related to the examination of chemical and physical stressors on fathead minnow reproduction. The common link across each experiment was in the preexposure period conducted in the absence of chemical and physical stress. It is these data that are presented in the current paper; so, although the fi sh were later exposed to various stressors as part of larger studies, the identical protocols of the pre-exposure phase allowed us to use the data to examine the relationship between size and breeding effi ciency. The purpose of the preexposure period, in relation to the larger studies, was to obtain fi sh which met selection criteria for fertilization success, breeding attempts, and survival, which were then moved into the exposure phase of the experiment. The methods presented below outline the experimental setup for the pre-exposure phase of each experiment where breeding success and factors associated with it were evaluated. A summary of experimental populations used in Experiments 1 to 4 can be found in Table 1 .
Experiment 1-Laboratory Study
Minnows (12 months old) were purchased from a commercial supplier (Osage Catfi sheries Inc., Osage Beach, Missouri). Fish were maintained in the laboratory in 529-L holding tanks (Living Stream) at 16°C on a 16:8 light:dark cycle and fed commercial fi sh fl akes (Tetrafi n tropical fi sh fl akes) ad libitum. Males and females were held in the same tank separated by a mesh screen (included in purchase of Living Stream, approximately 5-mm by 5-mm mesh size). The pre-exposure phase of this study was conducted for 14 days. The experiment was initiated by placing 61 measured pairs of male and female fathead minnows randomly into 10-L experimental tanks containing a nesting object (10-cm section of 10-cm diameter pipe cut in half lengthwise) and an airstone. The tanks were held at 25°C with a 16:8 light:dark cycle and had a fl ow-through rate of four turnovers per day of heated, fi ltered, and dechlorinated tap water.
Following recording of weight, length, and presence of secondary sexual characteristics, males and females were randomly assigned to tanks and breeding partners, resulting in females being, on average, 88% of the length of their male partners. The presence and magnitude of secondary sexual characteristics were scored qualitatively by researchers (current study authors) with signifi cant experience in fathead minnow reproduction and breeding characteristics. The units of measure as reported were qualitative and categorical in nature.
Fish were fed, twice daily, 1.0 g per couple of brine shrimp (Artemia spp., San Francisco Bay Brand, Newark, California.) at 0900 h, and 1.0 g per couple of bloodworms (Chironomus spp., San Francisco Bay Brand, Newark, California) at 1700 h. Water quality samples were collected from nine random aquaria each day (~15% of aquaria) prior to the morning feeding. Conductivity, hardness, chlorine, pH, temperature, dissolved oxygen, and ammonia levels were recorded (Table 2) . Following the morning feeding, pairs were left for one hour, after which all nesting objects were checked for eggs. If fertilized eggs were present, the breeding attempt was considered a success and recorded as such.
Following the experiment, pairs were divided into two statistical groups: those that bred, and those that did not. All data were analyzed using a two-sample t-test conducted with Systat 11.0 (e.g., was there a difference in length between breeding and nonbreeding males and females?). Prior to testing, all data were tested for assumptions of normality (Kolmorgorov Smirnov [K-S] test) and equality of variance (F-test). In the current study, all data sets met normality standards (populations signifi cantly identical to a normal distribution [p > 0.05] and had statistically identical variances [p >0.05]).
Experiment 2-Field Study
Fathead minnows (16 months old) were obtained from the Pulp and Paper Research Institute of Canada (Pointe Claire, Quebec). All fi sh were held under conditions identical to Experiment 1. The pre-exposure phase of this experiment was conducted as a fi eld exposure over 21 days on the banks of the Wabigoon River in Dryden, Ontario. Minnows were housed in eleven artifi cial stream systems (see Rickwood and Dubé 2007 for details) .
As in Experiment 1, following recording of weight, length, and secondary sexual characteristics, males and females were randomly assigned to breeding partners, resulting in females being, on average, 89% of the length of their male partners. Each artifi cial stream system contained eight 10-L circular test aquaria that sat on a common table and drained into an 80-L mixing reservoir. Each mixing reservoir received four turnovers of reference river water daily, which was pumped continuously and in a partially recirculating manner into each aquaria. Aquaria were covered with 500-micron Nitex mesh which allowed water to fl ow over the sides while containing the fi sh. Each mixing reservoir contained a heater (set at 25°C) and an airstone to ensure suffi cient oxygenation and heat to the aquaria. Each aquarium contained a pair of breeding minnows and a spawning tile (10-cm section of 10-cm diameter pipe cut in half lengthwise).
Aside from the differences in experimental set-up, fi sh were fed the same amount and type of food each day as described for Experiment 1. Eggs were checked and water quality data (one water quality sample from each table per day) were collected in a similar fashion to Experiment 1. Statistical analysis was performed as per Experiment 1.
Experiment 3-Laboratory Study
Fathead minnows used in this study were obtained from a commercial supplier (Thomas Fish Supply, Anderson, California). All fi sh were between 12 and 16 months old. Prior to the experiment, fi sh were held in conditions identical to those in Experiment 1. The study was conducted for six days and was initiated by placing 61 pairs of male and female fathead minnows randomly into 10-L experimental tanks containing a nesting object (10-cm by 10-cm polyvinyl chloride pipe cut lengthwise) and an airstone. As in previous experiments, male and female length, weight, and secondary sexual characteristics were recorded. Unlike Experiments 1 and 2, pairs of fi sh were size-assorted, ensuring that a minimum of 15% difference (i.e., males at least 15% larger than females) existed between male and female length (females 82% of male length). Light cycle, water temperature, feeding schedule and amount, and water quality measurements were conducted as per Experiment 1. An identical protocol to that used in Experiment 1 was used in ascertaining breeding success and egg collection. Statistical analysis was also carried out in a manner identical to Experiments 1 and 2.
Experiment 4-Laboratory Study
Minnows used in the study were purchased from a commercial supplier (Osage Catfi sheries Inc., Osage Beach, Missouri). They were 14 months old and were held in conditions identical to prior experiments both before and during the study. Experiment 4 was conducted in tanks and included materials and protocols identical to Experiments 1 and 3. Following the experimental protocols of Experiment 3, we ensured that a minimum 15% difference existed between male and female length (females 84% of male length), and measured and statistically tested breeding success. Experiment 4 differed from Experiments 1 to 3 in that there were two females for each male in each aquarium. The purpose of adding the extra female was to determine if breeding rates could be increased when compared with Experiment 3.
Results
Results of Experiments 1 and 2 demonstrated similar trends. Results indicated that longer males were more likely to breed than smaller males (Experiment 1, t-test, p = 0.04; Experiment 2, t-test, p = 0.02, Fig. 1 ), while no effect of female length on reproduction could be detected (Experiments 1 and 2, t-test, p = 0.11 and 0.23, respectively, Fig. 1 ). Experiment 2 indicated that heavier males were more likely to breed than lighter males (t-test, p = 0.04, Fig. 2 ), while Experiment 1 showed no effect of male weight on breeding success (t-test, p = 0.41, Fig. 2 ). However, in Experiment 1 lighter females were signifi cantly more likely to breed than heavier females (t-test, p = 0.005, Fig. 2) ; again, a result that was not seen in Experiment 2 (t-test, p = 0.28, Fig. 2) .
The most signifi cant factor in breeding success (i.e., lowest p-value and largest effect size) was the magnitude of the difference in both length and weight between male and female partners. In both studies, males were more likely to breed when paired with relatively smaller females (Experiment 1, t-test, p = 0.001; Experiment 2, t-test, p = 0.004, Fig. 3) . A similar effect was noted in all studies with regard to mass, in that signifi cantly larger differences were noted in breeding partners compared with nonbreeding partners (Experiment 1, t-test, p = 0.005; Experiment 2, t-test, p = 0.007, Fig. 3) .
In Experiments 3 and 4, which involved direct manipulation of the length relationship between males and females, we noted no signifi cant difference in either mass or length of male minnows that had bred versus In order to test the hypothesis that size-matching the minnows would increase breeding effi ciency, we compared the cumulative breeding attempts (total percentage of couples that bred by day X) between all 4 experiments for the fi rst six days of each study using a K-S test. The total percentage of breeders in Experiment 3 was 67%, or a rate of 11.2% (67% per 6 days) per day, which was similar to the rate in Experiment 4 (11.5%, or 69% per 6 days) per day. Comparatively, Experiment 1 had a rate of 3.79% (52% per 14 days) per day, and Experiment 2 had a rate of 3.04% (64% per 21 days). A K-S test revealed a signifi cant difference between Experiments 1 (randomly assigned pairs) and 3 (15% difference between pairs) (K-S value = 0.83, p = 0.005, Fig. 4) , as well as Experiments 1 and 4 (trios, 15% difference between pairs) (K-S value = 0.67, p = 0.004, Fig. 4) . Similarly, Experiments 2 (randomly assigned pairs) differed signifi cantly from Experiments 3 (15% difference between pairs) (K-S value = 0.83, p = 0.004, Fig. 4 ) and 4 (trios, 15% difference between pairs) (K-S value = 0.83, p = 0.004, Fig. 4) . However, no difference existed when Experiments 3 (pairs, 15% minimum between pairs) and 4 (trios, 15% minimum between male and both females) were compared (K-S value = 0.17, p = 0.50, Fig. 4) or Experiments 1 and 2 (K-S value = 0.5, p = 0.17, Fig. 4) .
To be sure that our results were indicative of male size, we compared the secondary sex characteristics between breeding and nonbreeding individuals for all Figure 3 : Mean (+ SE) ratio of female to male length (%) (female length/male length * 100) and mass (female mass/ male mass * 100) between breeding and non-breeding pairs of male and female fathead minnows in Experiment 1 (breeding couples n = 32, non-breeding couples n = 29) and Experiment 2 ( breeding couples n = 57, non-breeding couples n = 32) (* denotes signifi cant differences between pairs, t-test, = 0.05 ). four experiments. This was important as longer males are usually older and thus may be more likely to possess advanced secondary sex characteristics compared with younger shorter males. So, to ensure it was size (length and mass) that females were choosing rather than an advanced state of breeding appearance, we statistically compared the presence of secondary sex characteristics between breeding and nonbreeding males and females. Results of the chi-square analysis indicated no signifi cant difference between the secondary sexual characteristics (presence of fi n dot, mucous pad, tubercles, banding, and ovipositor) of breeding and nonbreeding males or females in any of the four experiments (see Table 3 for all comparisons, sample sizes, and p-values).
Discussion
Our results indicate that size, particularly the size ratio between genders, is a powerful predictor of breeding potential in fathead minnows (Fig. 3) . In Experiments 1 and 2, there was a signifi cant difference in the female to male weight to length ratio between breeding and nonbreeding groups. There was also a difference approaching signifi cance between breeding and nonbreeding females in Experiment 1 (p = 0.11, Fig. 1 ). Using this data, Experiments 3 and 4 were conducted and involved deliberate size manipulation, ensuring that each female was at least 15% smaller in length than her male partner (largest consistent and obtainable difference in our experimental population). The only signifi cant difference between breeders and nonbreeders in Experiments 3 and 4 was female length. In Experiment 3, smaller females were signifi cantly more likely to breed than larger females (Fig. 1); given the fact that all couples were size-matched, mate choice or the choice to breed in Experiment 3 may have been affected by traits other than size.
Preferences for large males have been documented in numerous fi sh species with multiple reasons proposed for this inclination. In some species, defence of resources necessary for breeding is an important factor in reproductive success (Breitburg 1987; DeMartini 1988) . Fathead minnows require a nest site which is guarded by the male (Marcus 1934 ); therefore, it is possible that larger males are better at securing the most desirable nest sites, as sometimes occurs in other species (Breitburg 1987; DeMartini 1988) . Male fathead minnows also perform paternal care by guarding eggs until they hatch (Unger 1983) . Larger males may be more successful in defending eggs from intruders, increasing the hatching success of eggs (Bisazza et al. 1989 ) and representing a direct reproductive benefi t for the female. It has also been demonstrated in some species that larger males are capable of producing greater quantities of sperm (Zbinden et al. 2001 ). If size is in fact an honest indicator of sperm production in the fathead minnow, female selectivity directed towards larger males could result in higher reproductive success. Eggs left unfertilized represent a great reproductive waste for a female because eggs are energetically costly to produce (Dewsbury 1982) . If small males are unable to fertilize full clutches of eggs from very large, gravid females, selective pressure would tend to favour females with a preference for large males.
While size appeared to be an important factor in determining whether breeding occurred, secondary sexual characteristics had no signifi cant effect (Table  1) . This is an interesting occurrence given that male ornamentation is often presumed to have great infl uence over female choice (Burley et al. 1996; Mays and Hill 2004; Miller and Brooks 2005; Jawor and Breitwisch 2006) since these characteristics may indicate the presence of quality genes (Mays and Hill 2004) . Since our females did not have a choice between a male with well developed secondary sex characteristics and a male with limited ornaments, we cannot directly conclude that they do not play a role in female choice in the fathead minnow. However, in our study, it is clear that the more important factor determining mate choice or choice to breed in fathead minnows is size. It would be of interest to determine if secondary sexual characteristics also impart some importance in mate choice, and what that role would be relative to mate size. Studies conducted in which females have the choice between large and small males with and without ornamentation could directly answer this question.
In some species, male choice may also play a role in breeding behaviour. Males of many fi sh species have been shown to prefer larger females, since greater size may indicate increased fecundity (Herdman et al. 2004) . It is improbable however that male mate choice exerted a major role in this experiment. From previous studies conducted in our research group (Pollock et al. unpublished data) as well as others (Cole and Smith 1987) , it is clear that males court females continuously regardless of female size, and it is the females that limit the frequency of mating. In the current study, males tirelessly pursued any female that approached the nest, while females most commonly avoided these advances.
Data from Experiments 1 and 2 indicate that the size ratios which appeared to affect mating were different between experiments (Fig. 3) . It is possible that these differences are the result of population variation in mate choice. For example, the absolute size of males and females may differ in the two populations affecting the size ratio at which breeding is more likely to occur. This phenomenon has been demonstrated in guppies, in which preference for male ornamentation differs greatly between populations (Brooks 2002) . It is also possible that females assessed other males within the laboratory population prior to the experiment and used this information when later confronted with a single male. Prior to all experiments, holding conditions permitted fi sh to maintain visual and chemical contact through a mesh divider (included in purchase of Living Stream, approximately 5-mm by 5-mm mesh size), presumably allowing females to assess the overall quality of males within the population. This may have affected subsequent mate choice.
Along with understanding the dynamics behind mating preference in fathead minnows, the understanding of conditions that stimulate breeding could potentially save time and money, as well as eliminate important confounding variables from experimental design. The extensive utilization of the fathead minnow in biological and toxicological studies (i.e., Ankely protocol [Ankely et al. 2001] and its variants, e.g., Rickwood et al. 2006a Rickwood et al. , 2006b Rickwood et al. , 2006c warrants further research into how relative body size can infl uence breeding propensity. The results of such research have the potential to be used for establishing new guidelines or protocols.
If our study, along with similar works, could be used to generate and supplement existing reproductive protocols (i.e., Ankely protocol), it would offer several advantages to reproductive toxicology. For example, many studies use reproductive groups rather than pairs to increase the breeding potential. While this approach is successful, it has several problems. First, it involves the use of signifi cantly more test animals. Second, any study using multiple females or males in a single tank is not able to correlate factors such as egg production or fertilization ability (i.e., impossible to know who laid or fertilized the eggs) with other endpoints specifi c to the fi sh (i.e., hormone level, body condition, etc.). By using well-matched pairs instead of groups, several advantages could be gained while decreasing the drawbacks of using a single male and female per tank, which is mainly a decrease in reproductive potential. Advantages would include the savings of time, money, and laboratory resources due to the use of fewer test animals in the search for actively reproducing pairs. This would also lead to shorter studies due to the rapid and consistent onset of reproduction in well-matched couples. Furthermore, analogous to the use of current standardized protocols (i.e. Ankely et al. 2001) , if all couples were size-sorted, it would allow for a more standardized test method, making comparisons between studies and laboratories more relevant.
Therefore, we encourage researchers involved in the study of reproductive fathead minnows not only to utilize the data presented in the current study (minimum 15% difference in male to female length ratio), but also to examine other factors which potentially affect effi ciency of breeding in laboratory fi shes. Through these efforts we suggest a standardized protocol could be established, and which could be applied with great success across ecotoxicology.
